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This study was undertaken to investigate the effects of varying
the injectant temperature and molecular weight on the flow field
generated by the interaction of a secondary jet with a supersonic
mainstream. The experimental portions of this investigation were
conducted at a primary Mach number of 1.92 in the Naval Postgraduate
School Supersonic Wind Tunnel. Data are presented and compared with
theory. This presentation includes correlation of the penetration
height of the secondary flow, interaction side force amplification
factor, and separation distance non-dimensionalized with respect to
the penetration height.
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A side force amplification factor
A, nozzle throat area
c nozzle discharge coefficient
Cp pressure coefficient
d nozzle throat diameter
F. interaction side force
F. secondary nozzle thrust
h penetration height of secondary injectant
k. constant from evaluation of the blast wave
theory pressure distribution function
integral
M Mach number
m secondary mass flow rate
yri molecular weight
P pressure
P primary stream total pressure
P
. secondary stream total pressure
q dynamic pressure
R gas constant
R blast wave characteristic radius
o
s length of plate
T primary stream total temperature
T st secondary stream total temperature
v flow velocity
J first order blast wave constant
o
Symbol Definition
^* boundary layer separation distance
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I. INTRODUCTION
Understanding of the interaction between a lateral jet and a super-
sonic stream is the foundation for the implementation of jet reaction
control systems currently being investigated for use in missile control,
Recently a number of papers have been published on this subject fRefs.
1, 3, 4, 5, and 9l and each investigation contributes additional
understanding of the overall complex problem. This study is intended
to further the understanding of how the side force amplification factor
is affected by the flow parameters; injection pressure, injection
temperature, injection molecular weight and free stream Mach number.
The significance of the separation distance and penetration height as
a predictor of the amplification factor is also investigated.
Many investigators [Refs. 1, 4, and 9J have been concerned with
injecting a gas laterally through a flat plate mounted in a wind
tunnel. In the present investigation, however, in order to eliminate
flow blockage at low Mach number, the secondary gas was injected
directly through the bottom of the tunnel. The boundary layer is,
therefore, thicker than those associated with the flat plate.
This investigation was performed in the Naval Postgraduate School
supersonic wind tunnel at a Mach number of 1.92 by injecting gaseous
nitrogen, helium and argon through a sonic nozzle mounted normal to
the tunnel wall. The parameters varied during the experiment
include injectant stagnation temperature and pressure, injectant





The Naval Postgraduate School supersonic wind tunnel is a blow-
down model with a 4-inch by 4-inch test section, 6 inches long- The
tunnel is capable of approximately 5 minutes of continuous operation.
Total pressure and total temperature of the primary flow were measured
in the wind tunnel plenum chamber, and remained constant for each
experimental run.
The injection equipment used in this thesis was arranged as shown
in Fig. 1. Figures 2 and 3 are photographs of the test set-up-
Bottles of compressed gaseous injectant were obtained commercially
and fed into the system through a pressure regulator. The flow was
passed through a sharp-edged orifice flowmeter, into the heater, and
onto the sonic nozzle mounted flush with the floor of the tunnel test
section.
The heating system was the same system used by Chrans and Collins
[_ Ref. 1 and consisted of coiled steel tubing placed in an insulated
container- An arc welder was connected across the ends of the coil
and the coil was heated by passing an electric current through the
steel tubing. The injectant gas was subsequently heated through
contact with the hot tubing.
Stagnation conditions were achieved between the heater and the
nozzle by an expansion chamber developed by Chrans and Collins.
Stagnation pressure and temperature of the secondary flow were
measured at this point. Stagnation temperature was measured by means
of a chromel -alumel thermocouple at the expansion chamber.
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The two sonic nozzles used were simple converging nozzles with
parallel side walls at the exit section as shown in Fig, 4. Exit
diameters of 0.1406 inches and 0.075 inches were used during the
experiment. The nozzle was fastened to the top of the expansion
chamber and then mounted to the bottom of the tunnel.
A special phenolic supersonic tunnel block was fabricated to
allow gaseous injection directly through the floor of the tunnel.
An aluminum plug was screw-fitted into the phenolic block to accomo-
date the nozzle and to prevent heat damage to the test section.
Forty-seven pressure taps were located on the floor of the tunnel in
a pattern shown in Fig. 5. Measurements from these pressure taps
were used to obtain interaction side force data.
The pressures were measured at the pressure taps by a Scanivalve
calibrated in inches of mercury vacuum. The measurements were
recorded on a Honeywell Visicorder,
Schlieren photographs on Polaroid 4x5 type 55 P/N positive-nega-
tive film were taken of each run using an offset Schlieren system with
collimating mirrors. An optical comparator was used to measure the
penetration height and separation distance from the negative film.
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III. EXPERIMENTAL PROCEDURE
Although the wind tunnel block was designed to yield Mach 2.0 5
several experimental tare runs were made with no secondary injection to
obtain the actual Mach number in the tunnel test section. The wind
tunnel plenum pressure was held constant at 30 psi. Static pressure
measurements varied between 4.20 and 4.40 psi. The average static
pressure was calculated to be 4.34 psi. Using Table III of Ref. 2 the
primary Mach number of the tunnel was determined to be 1.92 - 0.01.
Figure 6 depicts the run matrix for this thesis, showing the room
temperature runs (1-16, 56-71) and the runs at higher temperature. For
each run the primary stagnation pressure was held constant at 30 psi
while the secondary stagnation pressure was varied from 20 psi to
180 psi, giving a pressure ratio range of from 2/3 to 6. The following
observations were made for each run:
1. The static pressure at each of the 47 pressure taps was measured
by a Scanivalve and recorded on a Visicorder.
2. The differential pressure through the flowmeter was measured
from a mercury manometer.
3. The upstream flowmeter pressure was recorded by a pressure
gauge.
4. The injection total pressure was measured by a pressure gauge.
5. The primary total pressure was measured by a pressure gauge.
6. The total temperature of the secondary flow through the flow-
meter was sensed, for mass flow measurement, by a chromel-alumel
thermocouple and displayed on a portable potentiometer.
7. A Schlieren photograph was taken of the test section.
A second chromel-alumel thermocouple was used to record primary
and secondary stagnation temperatures in the following manner. For the
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room temperature runs, primary total temperature was sensed by a
chrome 1-alumel thermocouple and displayed on the potentiometer.
Secondary total temperature at the nozzle was assumed to be the same
as that through the flowmeter. For the high temperature runs, primary
total temperature was assumed to be the average of the primary stagna-
tion temperatures (510 R) in Runs 1-16, and total secondary tempera-
ture at the nozzle was sensed by a chrome 1-alumel thermocouple in the
expansion chamber and displayed on a potentiometer.
Tare pressures were recorded without secondary injection and sub-
tracted from corresponding pressures measured during injection. The
resulting pressures were integrated over the affected area to obtain
the interaction side force.
Penetration height and separation distance were measured from the
Schlieren photographs with the use of an optical comparator and then
scaled to the actual size of the test section.
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IV. THEORETICAL BACKGROUND
The investigation of interaction between primary and secondary
streams requires extensive experimentation and the analysis of many
variables. Penetration height, separation distance, side force and
amplification ratio will be treated in this thesis in an attempt to
establish correlations that will be useful in understanding inter-
action phenomena. This investigation is limited to sonic injection of
secondary gas normal to the primary stream.
Figure 7 is a sketch of the flow field produced by secondary
injection. This sketch is based on examination of Schlieren photo-
graphs taken during the experimental runs. Figures 8 and 9 are typical
Schlieren photographs. The penetration height h has been considered by
most investigators as the characteristic length of the flow field.
Photographs of the interaction phenomena indicate the boundary
layer separates some distance ahead of the bow shock induced by
secondary flow. This separation distance is important since, as de-
termined by Zukoski and Spaid TRef . 3J and confirmed by Koch | Ref. 4 L
the surface area ahead of the injector is subjected to the highest
interaction pressures developed during secondary injection.
Side force and the force amplification factor appear to be two of
the most important parameters that must be understood by engineers





Zukoski and Spaid have suggested a model of interaction flow based
on hypersonic flow past a blunt body, Assumptions used in this model
are as follows:
1. Sonic injection into a uniform supersonic flow with no boundary
layer.
2. No mixing between primary and secondary flow.
3. The blunt body to be a quarter sphere with a semi-cylindrical
afterbody.
4. The injectant gas remains within the confines of the blunt body.
By balancing the profile drag of the blunt body against the change
in momentum flux of the injectant gas, the radius of the blunt body can
be found. Zukoski and Spaid suggest that the magnitude of this radius
is representative of the penetration height of the secondary injectant.
The relationship developed by Zukoski and Spaid is given by
K+l
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Chrans and Collins investigated the effect of secondary temperature
on the penetration height and detected no essential difference in this
dimension as temperature was varied from 500°R to 1500°R and secondary
stagnation pressure was held constant. They concluded that either the
penetration height is a function of secondary momentum or at most a
weak function of secondary total temperature.
Cassel, Davis and Engh I Ref. 5 employed a blunt body analogy
of the flow field in a manner similar to the method of Zukoski and Spaid,
17
and developed an expression for penetration height given by
(2)
where q is the primary dynamic pressure. Values of q may be determined
from Ref. 6.
B. SEPARATION DISTANCE
The separation distance, shown in Fig. 7, is defined as the
distance from the center of the injection port to the beginning of
flow separation due to lateral injection.
A three-dimensional model suggested by Wu, Chapkis and Mager
\__ Ref. 7 __ assumes the separation shock to be conical and, by the
geometry of the model, separation distance is given by
AX = h COT 6 (3)
where 9 is the separation shock angle. For this model the separation
angle 9 is assumed to depend upon mainstream Mach number and the
specific heat ratio of the secondary stream. References 6 and 8 give
charts and tables allowing determination of the conical shock angle 9
for various specific heat ratios and primary stream Mach numbers.
C. SIDE FORCE AND AMPLIFICATION FACTOR
In this study side force data are non-dimensionalized with respect
to the jet thrust of the secondary flow to obtain a side force amplifi-
cation factor.
18
Zukoski and Spaid state that if Equation (1"> can be taken as a
good approximation to the penetration height, then the side force
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Since the integral in Equation (5) is evaluated in normalized coordi-
nates, its value will depend only upon the free stream Mach number and
specific heat ratio, that is
<*> = 0{mk) /.J (6)
Equation (5) can now be written
Fj - P- 4» [lAo.&j h z (7)




In further treatment Zukoski and Spaid suggest that for given free
stream conditions
F, * ^S (Rs^r^ (9)
They also state that for P /?
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Fj <* r^ s (r s Tsr)' (10)
The total normal force due to injection is then
p. + Fj oc rn, (R 5 T«r)*" (id
If the amplification factor is defined as the ratio of total force
normal to the surface, normalized with respect to the thrust of the
secondary jet,
A = ^ + Fj d2)
Fi
then the amplification factor is a constant for high pressure ratios and
a given set of primary conditions.
Dahm Ref
. 9] developed an expression for side force based on
second order blast wave theory
/{, uV- Moo K,
J
2
- / s V f nos Vy
Poo n*
F( = P.A.^p-J £/ ^J
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Solving tOk from Equation (14) and substituting into Equation (13) it








^x °C R Q (16)
3.
R oC R/ (17)
After comparing the values for side force given by Equation (13)
with experimental results, Dahm suggested that the equation be multi-
plied by 0.51 to yield a semi-empirical equation that more closely
correlates with experimental results. Dahm noted considerable scat-
tering of the data at low secondary injection flow rates and suggested
that these values were outside the range of validity of his theory.
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V. EXPERIMENTAL RESULTS
The results of these experiments were obtained for a single set
of primary flow conditions. The primary Mach number was 1.92 - 0.01,
the primary total pressure was held at 30 psi, and the primary total
o + o
temperature was 510 R-15 . Other data were obtained by measuring the
separation distance from photographs used by Chrans and Collins at
Mach number 2.80 and a primary total pressure of 50 psi.
The injectant pressure was varied from 20 psi to 180 psi to obtain
pressure ratios from 2/3 to 6. Injectant temperature was varied from
500°R to 1200 R to obtain temperature ratios of from 1 to 2.4. Nitro-
gen, argon and helium were used as injectant gases to provide a sub-
stantial range of molecular weight effects. The sonic nozzle exit
diameter was also varied.
In this experiment the discharge coefficient of the sonic nozzle
was found by dividing the actual mass flow rate through the nozzle by
the corresponding mass flow rate calculated for ideal gas assuming
isentropic flow. The actual flow rate was measured with the use of a
sharp-edged orifice flowmeter located in the injectant supply line.
Figure 10 is a plot of discharge coefficient versus the inverse square
root of nozzle exit Reynolds number. These results are in agreement
with the discharge coefficients calculated for the same nozzle in
Ref. 1.
A. PENETRATION HEIGHT
The penetration height of the injectant was scaled from the
Schlieren photographs which were made of each run. The depth of
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penetration was taken as the maximum height reached by the under-
expanded jet above the surface of the tunnel floor. This distance
was easily determined for all runs using nitrogen or argon as the
injectant. When helium was used as the injectant, lack of definition
in the photographs limited determination of penetration height to a
few runs using the larger injection nozzle.
Figure 11 is a plot of the non-dimensional penetration height as
a function of the ratio of secondary to primary total pressure. Good
agreement is obtain both with the theory of Zukoski and Spaid and with
the theory of Cassel, Davis and Engh, with the latter more closely
correlating with the experimental data. A mean curve scaled from the
experimental data of Koch is plotted for comparison. It appears that
for the lower primary Mach number and pressure (H^, =1.92, P =30 versus
Pt
M^2.8, P =50) slightly better agreement is obtained with both Zukoski
and Spaid theory and Cassel, Davis and Engh theory.
Although the stagnation temperature ratio was varied up to a
factor of 2.4 while holding the secondary stagnation pressure constant,
no essential difference in the penetration height could be detected.
This is in agreement with the observation of Chrans and Collins.
Within the limit of data scatter the penetration height does not
appear to be a function of molecular weight.
B. SIDE FORCE
In Figs. 12 and 13 interaction side force is plotted against the
blast wave characteristic radius and the penetration height, respective-






and Dahm derived the relationship
f: OC Ro
1 (17)
In Fig. 12 it is shown that the Dahm theory is in reasonable agreement
with the data at the higher values of R ; however, the function
o
F; oc R (18)
appears to more closely describe the general trend of the experimental
data.
In Fig. 13 the data is more scattered than in Fig. 12 since h is a
measured quantity as opposed to R which is a calculated quantity.
Since Chrans and Collins determined that a unique relationship exists
between h and R , it would appear that an exponent of unity, rather
o
than the value 2 predicted by Zukoski and Spaid, would more closely
describe the trend of this data also.
C. SEPARATION DISTANCE
Separation distance was taken as the distance from the center of
the injection point upstream to the intersection of the separation
shock and the floor of the tunnel. This distance is non-dimensionalized
with respect to the penetration height and plotted in Figs. 14 and 15
versus total pressure ratio multiplied by effective nozzle diameter.
This pressure ratio, with correction, can be considered non-dimension-
alized with respect to some tunnel dimension here taken as unity for
convenience.
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Figure 14 is a plot of data taken from photographs used by Chrans
and Collins at Mach number 2.80. An unsealed curve representing the
data of Fig. 14 is plotted on Fig. 15 for comparison with data for
Mach number 1.92. The values predicted by the theory of Wu, Chapkis
and Mager show good agreement with experimental values although the
data do not appear to be dependent on the Mach number or the ratio of
specific heats, as predicted by Wu, Chapkis and Mager theory.
AXA physical interpretation of the parameter —- is given by Wu,
n
Chapkis and Mager as
££ = core (19)
where 9 is the separation angle. An examination of Schlieren photo-
graphs, however, indicates that arccot ~- is not physically the same
h
as the separation angle and indeed may sometimes be larger and some-
times be smaller than the separation angle, depending upon the distance
between the nozzle centerline and the induced bow shock. The physical
difference between arccot =P and 9 may account for the difference in
trend between theory and experimental data.
A plot of separation distance versus secondary momentum flux is
shown in Fig. 16. Data correlation is noticeably better than that
observed in Fig. 15.
D. AMPLIFICATION FACTOR
The side force amplification factor is plotted against secondary
momentum flux in Fig, 17, and total pressure ratio corrected for
nozzle diameter is shown in Fig. 18. A curve representing the data of
Koch for Mach 2.80 is presented for comparison in both figures, along
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with the semi -empirical curve of Dahm. From Figs. 17 and 18 it can be
observed that the amplification factor decreases with increasing
stagnation pressure ratio and increasing momentum flux. In each plot
the amplification factor appears to be asymptotically approaching a
value in the range 1.5 to 2.0. This approach to a constant amplifi-
cation factor at high pressure ratios agrees qualitatively with the
theory of Zukoski and Spaid. Considerable scatter in the data can be
observed in the area of low injection pressures. At the higher injec-
tion pressure ratios, the scatter is reduced and better agreement is
obtained with the theory of Dahm and with the data of Koch, There
appears to be no systematic dependence on primary Mach number.
Figure 19 is a plot of amplification factor versus secondary mass
flow rate, and Fig. 20 is a plot of amplification factor versus
secondary stagnation temperature. Experimental runs represented by
these data were conducted at a constant secondary stagnation pressure
of 120 psi with secondary stagnation temperatures from 510 R to
1200 R. Although molecular weight variations introduce some variation
in momentum flux, the difference is not considered significant and the
data may be considered to be for constant momentum flux as well as
constant injection pressure. Figures 19 and 20 indicate that no
essential difference in amplification factor is obtained by heating of
the injectant gas and, since amplification factor remains essentially
constant for different mass flow rates at constant injection pressure,
the amplification factor does not appear to be mass dependent.
Figure 21 is a cross-plot of amplification factor and separation
distance non-dimensionalized with respect to penetration height.
26
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A = 0.65 {—) (20)
Good correlation of the data with this empirical equation is
indicated for all injectant gases, all injectant stagnation tempera-
tures and both nozzle diameters.
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VI. CONCLUSIONS
Penetration height increases with increasing total pressure ratio
and is well predicted by the theory of Zukoski and Spaid and the theory
of Cassel, Davis and Engh. At Mach number 1.92 the theory of Cassel,
Davis and Engh is in better agreement with experimental data than the
theory of Zukoski and Spaid, The significance of primary Mach number
and pressure as scaling parameters of penetration height appears to be
correctly given by the theory of Zukoski and Spaid. The penetration
height is not a function of injectant stagnation temperature, or is at
most a weak function of that temperature.
The trend in the amplification factor toward a constant value at
high pressure ratios supports the theory of Zukoski and Spaid. Also
at high pressure ratios the experimental values of amplification factor
are well predicted by the theory of Dahm, although for low injection
pressure ratios there is considerable variation between theory and
experimental data.
Separation distance non-dimensionalized with respect to penetration
height decreases with pressure ratio and secondary momentum flux in
the same manner as does the side force amplification factor. Since it
has been shown by several investigators that the area upstream of the
injection nozzle is subjected to the greatest increase in pressure due
to interaction, a close relationship between the separation distance
and the amplification factor is not unexpected. The correlation
between these two parameters is empirically given by
A = 0.<o5 [^ J (20)
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which is shown by the data to be independent of, or at most a weak
function of, injection stagnation temperature.
For constant injection stagnation pressure the amplification
factor is essentially independent of injection stagnation temperature
and secondary mass flow rate. The data tend to support the conclusion
that the side force amplification factor is a function of secondary
momentum flux.
Within the scatter of the data experimental results indicate that,
for constant secondary momentum, the side force amplification does not
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